Abstract -By combining the zoning technique with the strong dispersion of the fishnet metamaterial, a broadband fishnet diffractive optical element is designed, fabricated and measured at millimeter-waves. Diffraction-limited full width at half maximum ~0.8λ 0 is demonstrated experimentally when the focal properties of the lens are studied. Also, directivity of ~16.6 dBi is achieved when the fishnet lens is used in a lens antenna configuration together with an open-ended waveguide operating as a feeder.
I. INTRODUCTION
Everyday millimeter-wave quasi-optical elements include dielectric lenses and metallic mirrors. Dielectrics undergo noticeable dispersion at millimeter and submillimeter-waves, suffer from impedance mismatch and absorption losses are not negligible. Hence, mirrors are in principle preferable at those frequencies because they are achromatic and highly efficient. Nevertheless, the alignment is more critical for them. Additionally, high numerical aperture mirrors are bulky and heavy, which is not suitable for field work. Therefore, diffractive optical elements such as Fresnel dielectric and metallic lenses [1] , [2] have become important candidates for compact, light focusing/collimating devices at the expense of reducing the operation bandwidth and efficiency.
In order to improve the efficiency of such devices, antireflection coatings can be introduced. However, and particularly at millimeter-waves, their realization is not trivial and would thicken significantly the devices. An alternative approach would rely on the use of metamaterial-inspired diffractive optical elements.
A wide range of metamaterial lenses have been proposed up to date [3] - [7] , but little attention has been put on optimizing or modifying them according to classical ideas. For example, it was just recently when we proposed to apply the time-honored zoning technique (whereby parts of the lens are removed when their phase variation is 2π) to the fishnet metamaterial lens so as to reduce its volume, weight and insertion losses, while its performance is not affected [8] , [9] . The fishnet metamaterial lens had a fractional bandwidth of 4.9%.
We report here an advanced 2D design of the zoned fishnet lens [10] . Under a smart approach, the drawbacks of the zoning and dispersion of the fishnet are used into our advantage to propose a broadband zoned fishnet lens with fractional bandwidth of 8.5% that can act as a non-mechanical (by frequency) zooming system.
II. METHODOLOGY OF THE DESIGN
Firstly, the bulk refractive index of the fishnet metamaterial is computed using the eigenmode solver of CST Microwave Studio TM . The basic unit cell of the fishnet has the following dimensions: in-plane periods d x = 3 mm and d y = 5 mm, longitudinal period d z = 1.5 mm, hole diameter a = 2 mm, and metal thickness t = 0.5 mm). As it is known, the refractive index in a finite fishnet stack diverges from the bulk one for reduced number of stacked plates. Hence, we also compute the refractive index for stacks with different number of plates. By comparing the results, we notice that the convergence is reached faster (i.e., for less stacked plates) for the range 54 to 55.5 GHz, which will be our targeted operation bandwidth. We will show results for the two end frequencies as an example of the performance within the band. At these frequencies the bulk refractive index of the fishnet is -0.78 and -0.43, respectively. 
where λ 0 is the free-space wavelength, n lens is the effective refractive index of the fishnet, FL is the focal length, and m is an integer (m = 0, 1, 2, 3) that represents the successive steps for the zoned lens profile. Finally, after optimization routine involving geometrical tolerances, frequency (equivalently, refractive index) and focal length, the focal lengths chosen are 48.7 mm and 55 mm for 54 and 55.5 GHz, respectively [10] .
The final prototype is shown in Fig. 1(a) . Notice that it is a three-level diffractive optical element comprising four, five and six stacked plates. The total dimensions of the prototype are 111 mm × 135 mm × 8 mm. 
III. RESULTS

A. Focal properties
The study starts by characterizing the properties of the focal plane. To this end, a Gaussian beam with beam waist ~400 mm illuminates the lens from its flat face and the xz-plane is scanned with an open-ended waveguide. Notice that, due to the non-subwavelength size of the open-ended waveguide, the detection suffers a spatial averaging that likely overestimates the full width at half maximum and the depth of focus. The intensity on the xz-plane for the two selected frequencies is shown in Fig. 1(b) . The experimental focal length is 48.5 mm and 51.5 mm for the first and second frequency, respectively, which are close to the designed values. A subwavelength full width at half maximum of 0.7λ 1 and 0.9λ 2 is experimentally measured for the first and second frequency respectively, whereas the depth of focus is 3.4 λ 1 and 4λ 2 correspondingly.
The whole setup is modelled with CST Microwave Studio TM , except for the open-ended waveguide. The focal length, full width at half maximum and the depth of focus are 44.2 mm, 0.5λ 1 and 1.8λ 1 , respectively, for the first band and 50.3 mm, 0.5λ 1 and 2.1λ 1 for the second band. This full-wave numerical calculation is in agreement with the experimental data.
B. Lens antenna configuration
To complete the analysis, the zoned fishnet lens is now used in a lens antenna configuration. The open-ended waveguide is used now as a feeder placed at the experimentally computed focal lengths and the H-plane radiation pattern is measured with a horn antenna located 3650 mm away from the flat face of the lens. The angular measurement is facilitated by a rotary platform on which the lens and the feeder stand. The radiation pattern for both frequencies can be seen in Fig. 2 . A clear main lobe appears at 0 deg flanked by side lobes ~6.7 dB below the main lobe at ±7 deg for both frequencies. These side lobes are the grating lobes of order (0,-1). The beamwidth is 3.5 and 4.3 deg for the first and second band, respectively. 
VI. CONCLUSION
The zoning technique along with the strong dispersion of the fishnet metamaterial enable the realization of an all metallic zoned fishnet metamaterial lens with numerically confirmed ~8.5% fractional bandwidth within the V-band of the millimeter-waves in contrast to the single frequency operation of our previous design [8] , [9] . Experiment and simulation are in good agreement and confirm the good performance of the lens at both selected frequencies.
